Reduction in inspiratory capacity (IC) during exercise has been reported in chronic heart failure (CHF). Since inspiratory muscle dysfunction may be present to a variable degree, the assumption that IC reduction during exercise represents an increase in end-expiratory lung volume must be made with caution. This interpretation is flawed if patients develop dynamic inspiratory muscle strength reduction, i.e., progressively lower esophageal (Pes) pressures as the IC maneuvers are repeated. Sixteen CHF patients and 9 age-matched controls performed an incremental exercise test with serial IC and respiratory pressure measurements. Regardless whether IC decreased or not with exercise (N = 4 and N = 12, respectively), Pes,IC remained stable. This was confirmed by similar Pes,sniff immediately upon exercise cessation (p > .05). No association was found between changes in IC and related Pes from rest to peak exercise. Owing to the lack of dynamic inspiratory muscle weakness, non-invasive indexes of lung mechanics can be reliably obtained from exercise IC in CHF.
Introduction
Reduction in inspiratory capacity (IC) during exercise has been described across the spectrum of chronic heart failure (CHF) severity, being inversely correlated to peak aerobic capacity (Papazachou et al., 2007) . The IC represents the true operating limits for tidal volume (V T ) expansion during exercise and importantly influences breathing patterns and peak ventilatory capacity (Guenette et al., 2013) . Interestingly, improving cardiac function by cardiac resynchronization resulted in higher IC and lower dyspnea during exercise in these patients (Laveneziana et al., 1985) Exercise-induced reduction in IC, however, may be secondary to high end-expiratory lung volume (dynamic hyperinflation) if total lung capacity (TLC) is consistently reached at end-inspiration (Guenette et al., 2013) ; alternatively, a low IC might merely reflect failure to reach TLC due to progressive impairment in inspiratory muscle strength or poor effort as exercise progresses (Langer et al., 2014) . Patients with heart failure show reduced resting static lung compliance associated with either restrictive or obstructive ventilatory patterns on resting lung function, thus increasing the propensity for expiratory airflow limitation. Heart failure patients with resting expiratory flow limitation have been shown to decrease dynamic IC in the setting of increased ventilatory demand of exercise (Dubé et al., 2016) . The other hypothesis is particularly concerning in CHF, a patient population in which inspiratory muscle weakness is prevalent (Evans et al., 1995; Hughes et al., 1999) and parallels exertional dyspnea and functional deterioration (Mancini et al., 1992; Kasahara et al., 2015) .
Dynamic respiratory mechanics, however, has never been extensively studied in CHF (Guenette et al., 2013; Dubé et al., 2016) . The aim of the present study, therefore, was to investigate the behavior of dynamic inspiratory muscle strength according to the presence or absence of IC reduction during exercise in patients with CHF and compare with healthy controls.
Methods

Study population
We recruited stable, non-obese patients with clinical diagnosis of CHF and left ventricular ejection fraction < 45% by echocardiography. Subjects matched for sex and age were recruited from the community to serve as healthy controls. Exclusion criteria included forced expiratory volume in 1s/forced vital capacity below the lower limit of normal (LLN), and any other disorder potentially contributing to impaired exercise capacity. Ethical approval was obtained from the Institutional Ethics Committee (N°14-0512) and all subjects signed written informed consent. (Guenette et al., 2013) . Prior to testing, subjects were familiarized with the technique for performing IC measurement. After 4 stable tidal breaths, subjects received a verbal prompt to begin the maneuver ("at the end of the next normal breath out, breathe all the way in") and then verbal encouragement to make a maximal effort and hold the breath for, at least, 1s before relaxing back to pre-maneuver breathing. In general, two reproducible IC maneuvers (i.e., within 10% of the largest acceptable value) were performed at rest, 2-min intervals thereafter and at the end of exercise. A reduction in IC was defined as a peak exerciserest difference of more than 150 mL. Symptom intensity was inquired before IC maneuvers. Esophageal (Pes) pressure was obtained using thin-walled balloon catheters (Ackrad ® , Laboratories Inc, USA) coupled Values are means ± SD or number (%). Abbreviations;: CHF = chronic heart failure; BMI = body mass index; MRC = medical research council; NYHA = New York Heart Association; % pred = percentage of predicted values; FEV 1 = forced expired volume in 1 s; FVC = forced vital capacity; SVC = slow vital capacity; FEF 25-75% = forced expiratory flow at 25-75% of forced vital capacity; TLC = total lung capacity; IC = inspiratory capacity; FRC = functional residual capacity; RV = residual volume; DLCO = diffusing capacity of the lung for carbon monoxide; DLCO/VA = DLCO corrected for alveolar volume; Pes Sniff = maximum inspiratory esophageal pressure during Sniff maneuver; MIP = maximal inspiratory mouth pressure; MEP = maximal expiratory mouth pressure; LVEF = left ventricular ejection fraction; LV = Left ventricle; PSAP = pulmonary systolic arterial pressure; RV = right ventricle. * p < .05. a Data related to one subject.
to differential pressure transducers, digitized at 100 Hz using a 10-bit analog-to-digital converter, and recorded for post hoc analysis. Inspiratory muscle effort was evaluated during the successive IC maneuvers. Peak negative inspiratory pressure during visual confirmation of IC traces plateau were registered for analysis. Maximal Pes was also measured during sniff maneuvers at rest and immediately post-exercise (within the first 2 min of recovery).
Data analyses
Differences between CHF and controls were analyzed with unpaired t-test or Mann-Whitney U test according to distribution. Physiological variables were analyzed within and between groups at rest, standardized work-rates (10-60 W), and peak exercise using a generalized estimated equation model with Bonferroni adjustments for multiple comparisons. Any missing data in a given moment was estimated by this statistical model. Correlation analysis was performed using the bivariate Spearman rank correlation test (Statistical Package for the Social Sciences; Version 22.0. Chicago: SPSS Inc).
Results
Sixteen patients were included (59 ± 9 yrs, 11 males): 9/16 (56%) presented with reduced inspiratory muscle strength (maximal inspiratory pressure (MIP) < LLN) and 13/16 (81%) had low peak aerobic capacity (peak oxygen uptake < 84% of predicted). As expected, healthy controls (n = 9) showed better pulmonary function than CHF patients (Table 1) .
IC reduction during exercise was observed in 4 patients (25%), in contrast with the remaining CHF participants (−0.18 ± 0.01 vs 0.28 ± 0.05L; p < .05) (Fig. 1, Panels A-B) . There was no significant difference between patients with (Group 1) and without (Group 2) exercise-induced IC reduction regarding functional class, prevalence of inspiratory muscle weakness, spirometric and echocardiographic variables. Exercise tests were stopped due to leg discomfort/fatigue (n = 10) or a combination of leg discomfort/fatigue plus dyspnea (n = 6) in patients and because of leg discomfort/fatigue in all controls (n = 9).
Pes,IC (pressure measured during IC maneuver) did not decrease throughout the exercise in any group (Fig. 1, Panels C-D) . Similarly, Pes,sniff did not decrease after exercise cessation in any CHF group (Group 1: −78 ± 9 to −80 ± 9; Group 2: −63 ± 5 to −66 ± 4 cmH 2 O; p > .05). Finally, there was no relationship between Pes,IC changes from rest to peak exercise with resting Pes,IC neither with exercise-induced changes in IC (p > .05 for both). 
Discussion
The presented results support the concept that, as consistently demonstrated in chronic obstructive pulmonary disease (COPD) (Guenette et al., 2013; Langer et al., 2014) , IC measurements can be used to provide valuable information about respiratory mechanics during exercise in patients with CHF.
Patients with heart failure may show airway dysfunction whose nature is poorly understood. It may reflect bronchial mucosal edema, airway hyperresponsiveness, consequences of aging or tobacco smoking or various combinations of these factors. On the other hand, chronic pulmonary congestion, septal thickening, and the compressive effects of cardiomegaly may reduce lung volumes (Dubé et al., 2016) . Serial IC measurements have been proven paramount to track operational lung volumes and explain exertional dyspnea and intolerance in COPD (Guenette et al., 2013) . Any change in IC during exercise will reflect the inverse change in end-expiratory lung volume (i.e., lung hyperinflation) only if TLC remains constant. If maximal inspiratory esophageal pressures during exercise are similar to the pressure obtained during resting IC maneuvers, then it is safe to assume adequate effort (Guenette et al., 2013) . Therefore, exercise-induced decrement in IC with preserved esophageal pressures during the successive maneuvers is indicative of a stable effort (and supposedly stable TLC) and that serial measurement of IC are reliable for assessing respiratory mechanics during exercise. The reliability of IC measurements during incremental cycle exercise by comparing esophageal pressure at peak inspired plateau volume during serial IC efforts is well established in COPD (Guenette et al., 2013; Langer et al., 2014) and was recently described in pulmonary arterial hypertension (Laveneziana et al., 2015) . This seems to be the first study to primarily report similar findings in CHF. The overall strength of the inspiratory muscles did not decrease throughout exercise in those patients with exercise-induced IC reduction. This was true even for participants with the lowest resting Pes,IC values and there was no relationship between IC and Pes,IC changes during exercise.
In conclusion, IC reduction during exercise was observed in some CHF patients with preserved dynamic global inspiratory muscle strength, indicating the usefulness of serial measurements of IC as a valuable method to assess respiratory mechanics during exercise in this population.
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